The endothelins (ETs) form a group of three vasoactive peptides (ET-1, ET-2, and ET-3) for which two types of cellular receptors have been identified, types A and B ET receptors (ETA and ETB receptors, respectively). To address possible targets for ETs within the liver, we isolated the four principal liver cell populations and placed them in short-term primary culture. By ligand-binding assay and mRNA levels, expression of ET receptors was greatest on hepatic lipocytes (Ito cells or fat-storing cells), which are perisinusoidal cells exhibiting features of smooth muscle cells. Moreover, lipocytes expressed both ETA and ETB receptors. The mRNA for ETB receptor, but not for ETA receptor, was detectable in sinusoidal endothelial cells and Kupffer cells; neither mRNA was detectable in hepatocytes. Both ET-1 and ET-3 elicited contraction of activated lipocytes cultured on collagen lattices; the ECSO value for ET-1 was 3 ± 1 nM and for ET-3 was 17 ± 12 nM. In cell isolates from injured liver (after administration of carbon tetrachloride), expression of ET receptors was unchanged. However, mRNA for ET-1 was significantly increased in activated lipocytes, suggesting an autocrine loop for the initiation of lipocyte contraction. The findings imply that ET-1 may play a role in regulating sinusoidal perfusion through its effect on lipocytes, particularly in iDJury states.
ABSTRACT
The endothelins (ETs) form a group of three vasoactive peptides (ET-1, ET-2, and ET-3) for which two types of cellular receptors have been identified, types A and B ET receptors (ETA and ETB receptors, respectively). To address possible targets for ETs within the liver, we isolated the four principal liver cell populations and placed them in short-term primary culture. By ligand-binding assay and mRNA levels, expression of ET receptors was greatest on hepatic lipocytes (Ito cells or fat-storing cells), which are perisinusoidal cells exhibiting features of smooth muscle cells. Moreover, lipocytes expressed both ETA and ETB receptors. The mRNA for ETB receptor, but not for ETA receptor, was detectable in sinusoidal endothelial cells and Kupffer cells; neither mRNA was detectable in hepatocytes. Both ET-1 and ET-3 elicited contraction of activated lipocytes cultured on collagen lattices; the ECSO value for ET-1 was 3 ± 1 nM and for ET-3 was 17 ± 12 nM. In cell isolates from injured liver (after administration of carbon tetrachloride), expression of ET receptors was unchanged. However, mRNA for ET-1 was significantly increased in activated lipocytes, suggesting an autocrine loop for the initiation of lipocyte contraction. The findings imply that ET-1 may play a role in regulating sinusoidal perfusion through its effect on lipocytes, particularly in iDJury states.
The endothelins (ETs) are a group of three related peptides (ET-1, ET-2, and ET-3) first described as vasoconstrictors but now known to have an array of metabolic effects (1) (2) (3) . Specific ET receptors also have been described and are divided into at least two types, termed type A (ETA receptor) (4, 5) and type B (ETB receptor) (6) . The ETA receptor is localized largely to vascular smooth muscle and appears to mediate vasoconstrictor effects (7) . The ETB receptor is present on a variety of cell types and may subserve other biologic actions of ETs (6, 7) .
Although studies of ETs have focused on systemic vasoregulation, these peptides may also modulate blood flow locally in specific tissues by autocrine or paracrine routes. This is of particular interest in the liver, where local changes in blood flow may be central to major pathologies such as portal hypertension, ascites formation, and hypoxic damage (8) . A possible cellular target of ETs within the liver has emerged from recent work on hepatic lipocytes, which are perisinusoidal cells also known as Ito or fat-storing cells. These cells, particularly in the setting of injury and inflammation, display markers of smooth muscle cells, suggesting contractile potential (9) (10) (11) .
We demonstrate that ET-1 and ET-3 bind to lipocytes via high-affinity receptors and that these peptides are potent agonists of lipocyte contraction. The data have implications for the regulation of hepatic blood flow at the sinusoidal level.
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MATERIALS AND METHODS
Reagents. Vitrogen-100 was purchased from Celtrix Laboratories, Palo Alto, CA. ET-1 and ET-3 were purchased from Peninsula Laboratories. 125I-labeled ET-1 (2200 Ci/ mmol; 1 Ci = 37 GBq) was from NEN/DuPont. Radiolabeled cytidine 5'-triphosphate ([a-32P]CTP, >800 Ci/mmol) was purchased from Amersham.
Animal Model. Sprague-Dawley rats (retired male breeders, 400-550 g) were purchased from Charles River Breeding Laboratories. For induction of hepatic fibrosis, animals under ether anesthesia received carbon tetrachloride [CCb, 50% (vol/vol) in corn oil, 0.1 ml/100 g (body wt)] enterally on days 1, 8, 15, and 22. They were sacrificed for liver-cell isolation on day 29.
Liver-Cell Isolation and Purification. We isolated the four major cell populations of the liver by established methods (12) (13) (14) , assessing their purity as follows.
For hepatocytes, phase-contrast microscopy was used, which reveals a characteristic cell size (12) . For Kupffer cells, endogenous peroxidase activity was examined histochemically (15) . For sinusoidal endothelial cells, human acetoacetylated low density lipoprotein, prepared with a stable fluorescent lipid, was administered to rats intravenously a few minutes prior to liver perfusion; within the liver, lipid is internalized exclusively by the sinusoidal endothelium (14) . For lipocytes, fluorescence microscopy was used: under UV excitation lipocytes exhibit blue fluorescent granules, which represent their retinoid-containing vacuoles (13) .
The purity of the cell isolates was 99% for hepatocytes and >95% for lipocytes and endothelial cells, respectively. Kupffer cells from normal livers were 90-95% pure. In some studies, highly purified Kupffer cells were prepared by a method adapted from Rous and Beard (16) . Carboxylated paramagnetic spheres (1-2 um, from Polyscience), administered intravenously in 0.5 ml, 5-10 min prior to liver perfusion, were internalized exclusively by Kupffer cells (15) . After enzymatic dispersion of the liver, a magnet was used to isolate the iron-laden cells, which were 99% pure by light microscopy.
Binding (10-14 10-6 M).
Incubations were terminated by rapid removal of the incubation medium and addition of 500 ,ul of ice-cold buffer. The cells were washed with six changes of buffer and then lysed in 1% Triton X-100/10% (vol/vol) glycerol/25 mM Hepes, pH 7.5/0.1% bovine serum albumin, at 4°C for 40 min. Cell-bound radioactivity was determined.
Data are displayed in Scatchard plots (18) according to analysis by a modified Gauss-Newton nonlinear least-squares procedure (19) and are expressed as specific binding per ,g of DNA. DNA was determined by fluorometric assay (20) .
Preparation of Collagen Gels and Measurement of Lattice Contraction by Lipocytes. Collagen gels were prepared as described (21) using Vitrogen-100. Culture plates (24-well) were pretreated with phosphate-buffered saline (PBS) containing 1% bovine serum albumin for at least 1 h at 37°C, then washed twice with PBS. At 4°C, 8 vol of Vitrogen were mixed with 1 vol of 1Ox minimum essential medium and 1 vol of 0.2 M Hepes (pH 9.0); 0.5 ml was added to each well and incubated for 1 h at 37°C to allow gelation.
Freshly isolated lipocytes in serum-containing medium were layered on top of formed lattices at 2.5 x 105 cells per ml (0.5 ml per well) and incubated at 37°C in a humidified atmosphere of 5% C02/95% air. The medium was changed 24 h after plating and every 48 h thereafter. On day 5, serum-free conditions were introduced with three changes of medium over a period of 4 h, after which ET was added in the same serum-free medium. Immediately thereafter, the lattices were detached by gentle circumferential dislodgement using a micropipet tip. Contraction was monitored as a decrease in lattice area over time.
RNase Protection Assay. Liver cell isolates were lysed and stored at -80°C in guanidine thiocyanate extraction solution. Subsequent purification of total RNA was by an established protocol (22) . Immediately before use in molecular hybridization studies, the integrity of the RNA was verified by denaturing agarose gel electrophoresis and visualization of ribosomal bands with ethidium bromide staining. cDNAs encoding the 3' untranslated region of the rat ETA (5) and ETB (6) receptors were kindly provided by H. Lin (Whitehead Institute, Cambridge, MA). A cDNA for rat ET-1 was provided by T. Quertermous (Vanderbilt University, Nashville, TN). All samples were probed also for expression of the ribosomal protein S-14 (23), as an internal control for the total mRNA present in an individual extract. The level of S-14 mRNA, expressed per ug of DNA, exhibits minimal variation among the various liver-cell populations studied (unpublished observations).
Radiolabeled complementary RNA probes were prepared as described (24) . Solution hybridization (24) was carried out with either S ,ug (for S-14) or 30 Ag (for ETA and ETB receptors and ET-1) of total RNA and excess radiolabeled probe in a buffer consisting of 80% (vol/vol) formamide, 0.4 M NaCl, 40 mM Pipes, and 1 mM EDTA (pH 6.7). Temperature optima, determined in preliminary experiments, were as follows: ETA, 63°C; ETB, 63°C; ET-1, 56°C; S-14, 55°C. In some experiments RNA samples were cohybridized with ETA and ETB complementary RNA at 63°C. Rat lung RNA and yeast tRNA served as positive and negative controls, respectively. After hybridization, unprotected fragments were digested with T2 RNase. The remaining intact hybrids were analyzed by electrophoresis through a 3.5-5% polyacrylamide/urea gel. Dried gels were applied to x-ray film (Kodak X-Omat AR-5) for 24 h. Autoradiographic signals were quantified by scanning densitometry (Hoefer).
Statistical Analysis. The data were analyzed by a Macintosh II computer (using ref. 25) . Data are presented as the mean ± SEM and compared using a one-way analysis of variance followed by a two-tailed Student's t test with the Bonferroni correction for multiple comparisons (25) . Differences at the level P < 0.05 were considered significant. picomolar range (Fig. 1B) , the number of receptors per cell, as indicated by Bma,, values, was 30-to 60-fold higher on lipocytes than on sinusoidal endothelial cells or hepatocytes (P < 0.001).
The presence of more than a single receptor type on lipocytes was evaluated in competition experiments between radiolabeled ET-1 and unlabeled ET-1 or ET-3 (Fig. 2) . The two ETs differed in their ability to inhibit binding of 125I-labeled ET-1. By nonlinear least-squares analysis, ET-1 bound with a single affinity, and ET-3 bound with two affinities. For ET-3, the high-affinity site was 50o more abundant than the low-affinity site, and their respective competition equilibrium constants were more than two orders of magnitude apart.
Expression of ET Receptor mRNA by Individual Liver-Cell Populations. Measurement of receptor mRNAs revealed that both ETA and ETB receptors are expressed by lipocytes. Only ETB mRNA was detectable in sinusoidal endothelial cells and in Kupffer cells. Receptor mRNA was undetectable in hepatocytes (Fig. 3A) . Moreover, the level of receptor mRNA was markedly greater in lipocytes than in the other cell types (Fig. 3B) . The findings confirm the ligand-binding data with respect to both the relatively high level of receptor expression by lipocytes and the presence of at least two distinct receptor activities on this cell type.
ET Lipocytes were incubated with 125I-labeled ET-1 (60 pM) in the presence ofthe indicated concentrations ofunlabeled ET-1 and ET-3. The experimental conditions were those described in Fig. 1 .::+.:. and sustained contraction of lipocytes plated on collagen lattices (Fig. 4A) . At the same concentration, ET-3 was significantly less potent than ET-1, in inducing lipocyte contraction (P < 0.01). Control preparations (lattices without cells or lattices with hepatocytes maintained under similar conditions) failed to contract over a 24-h period of observation. Both ET-1 and ET-3 caused contraction in a concentration-dependent manner (Fig. 4B) .
Effect of Experimental Fibrosis on mRNAs for ET Receptors and ET-1 in Lipocytes. In individual liver cell populations isolated from animals treated for 4 weeks with CCL4, the distribution of ET receptor mRNAs was similar to that from control animals; in particular, ET receptor mRNA remained predominant in lipocytes. In lipocytes undergoing activation in culture, slight but nonsignificant decreases were noted (Table 1) . Lipocytes were isolated from either normal or CC14-treated animals and used immediately to prepare total cellular RNA. For the studies of activated lipocytes in culture, cells were isolated from normal liver, plated, and maintained for 3-8 days. Autoradiographic signals were quantitated by scanning densitometry (arbitrary units) and normalized to S-14 mRNA. *, P < 0.05; t, P < 0.001, in each case, relative to lipocytes freshly isolated from normal liver (n = 3).
In contrast, after induction of fibrosis, mRNA for ET-1 increased significantly in lipocytes (Table 1 ). This was accentuated in culture, ET-1 mRNA increasing >7-fold compared to cells freshly isolated from normal liver ( Table 1) . In endothelial cells from normal liver, mRNA for ET-1 was relatively high but decreased in cells from CCL4-treated animals; in Kupffer cells, the level was low in normal cells and did not change with fibrosis; in hepatocytes, mRNA for ET-1 was undetectable (data not shown).
DISCUSSION
In the present study, we have focused on lipocytes because of accumulating evidence that these cells belong to a smoothmuscle lineage. In normal liver, the cells occupy the anatomical position of pericytes (26) , which are present in many epithelia and appear to represent an extension of the smooth muscle layer of arterioles and venules (27) . In addition to being a pericyte analog, lipocytes in normal rat liver display desmin, the intermediate filament that is characteristic of muscle cells (9) . Moreover, in injured liver, they undergo a pleiotypic change that is termed "activation," with expression of additional smooth muscle characteristics, including the smooth muscle-specific a-actin (10, 11) and the receptor for platelet-derived growth factor (28) . Studies from this laboratory (29) and elsewhere (30) have provided some initial evidence for the contractility ofactivated lipocytes in culture.
The present results document an abundance of ET receptors on lipocytes, suggesting that these cells are a major site within the liver for binding of ETs. As judged by binding of ET-1 and ET-3 and by mRNA analysis, the number of receptors on lipocytes substantially exceeds that on sinusoidal endothelial cells, Kupffer cells, or hepatocytes. In addition, mRNA for the ETA receptor is detectable only in extracts of lipocytes. Given the association of this receptor with peripheral vascular smooth muscle cells (7) at least in part, by ETA receptors and that ET-3 binds preferentially to ETB receptors. Because contraction stimulated by ET-3 proceeds in the presence of BQ-123, we conclude that both ETA and ETB receptors are involved in contractile events, in keeping with other recent reports (32, 33) . The concentration of ET eliciting contraction oflipocytes in culture is greater than that in systemic plasma but may approximate that present at sites of secretion in the liver where ET is believed to act by paracrine or autocrine mechanisms. In human plasma, levels are in the picomolar range, rising as much as 10-fold in liver injury (34, 35) .
The contractile response of lipocytes in culture to ET has interesting, if speculative, implications for the regulation of hepatic blood flow. Given the perisinusoidal position of lipocytes, contraction of these cells could affect blood flow at the sinusoidal level, thus altering lobular perfusion and portal pressure. We would postulate that this process is likely only in liver injury, after lipocytes have undergone "activation." In studies to be reported elsewhere, we have found that lipocytes are capable of contraction only as they become activated, either in situ or in culture (29) . Thus, the increase in extrahepatic portal pressure that occurs with administration of ET-1 or ET-3 to the normal liver (36) likely represents vasoconstriction solely of the extrahepatic (portal) circulation (37) and does not have a sinusoidal component.
ET receptors are abundant on normal lipocytes, and in early inflammation (after 4 weeks of CC14 administration), their expression at the mRNA level is either unchanged or slightly decreased. We conclude from these data that modulation of receptor expression does not govern the contractile response. On the other hand, the mRNA for the agonist, ET-1, increases significantly in lipocytes isolated from injured liver '( Table 1 ). The increase is yet more striking in lipocytes that have undergone activation in culture. The latter represents a model of lipocyte activation that reproduces most, if not all, of the in vivo events but at an accelerated pace (38) . Because production of ET-1 appears to be regulated predominantly at the mRNA level (1), we infer that lipocyte activation involves an important increase in ET-1 expression, which may stimulate contraction in an autocrine fashion. It is of interest that, of the populations isolated from the normal liver, sinusoidal endothelial cells exhibited the highest level of ET-1 mRNA, consistent with paracrine stimulation of lipocytes, as has been suggested for systemic vasoconstriction (1) . While this is not excluded, lipocytes in normal liver appear incapable of contraction. Thus, endothelial ET production may serve another purpose, possibly involving paracrine effects on hepatocytes, as the latter cells exhibit welldocumented metabolic responses to ET (36, 39) .
Contraction may play an important role at various stages of liver disease but by different mechanisms in early or advanced injury. In advanced fibrosis or cirrhosis, collagenous bands are prominent and contain cells displaying muscle characteristics, which may derive in part from lipocytes that have migrated from an original perisinusoidal location (40) . Contraction of collagenous bands may cause gross distortion of lobular structure, indirectly altering sinusoidal flow. In early hepatic inflammation and injury, however, some lipocytes appear to retain a perisinusoidal localization while undergoing activation (11) . In this setting, their contraction may affect sinusoidal flow directly and, moreover, may be reversible. Our findings indicate that ETs are likely contractile agonists in such a situation. Validation of this postulate in the intact liver will provide a rationale for studies of ET antagonists (30, 41) in the therapy of acute portal hypertension and its attendant complications.
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